A comparison between power plants built according to the HAT (Humid Air Turbine) and SCGT/CC (Semi-Closed Gas Turbine/Combined Cycle) concepts is presented, ranging from thermodynamic performance (efficiency and specific power output) to projected data for plant construction and operating costs. Both options appear to be of potential interest to electric utilities considering advanced gas turbine power plants, with significant differences form the point of view of plant size, water consumption, and adaptability to advanced developments for the limitation of environmental impact (CO2 emissions)
INTRODUCTION
The needs of high efficiency power plants and low CO2 emissions has led to a growing interest in advanced gas turbine based cycles, which either have a significant advantage in terms of efficiency or are promising for a possible implementation of a CO2 capture plant.
Among the cycles which have these characteristics, the HAT (Humid Air Turbine, Day and Rao, 1993) with its high efficiency even for small size gas turbines, and novel concepts such as the SCGT/CC (Semi-Closed Gas Turbine Combined Cycle, , seem to be promising as power plants of the next century. In fact, even though they have been proposed and studied for power plants of different size, they share the common feature of requiring gas turbine flue gas cooling down to very low (close to ambient) temperatures, either to reach a high level of efficiency or to make the flue gas recirculation possible. Flue gas cooling to ambient temperature has the important consequence of separating water from the gas stream, which represents a relevant saving in terms of environment and energy production costs, as this water can be usefully employed within the cycle itself.
The SCGT/CC is also qualified as a promising solution for limiting greenhouse gas emissions, which are largely traceable to CO2 production in the environment. The solutions proposed for the SCGT/CC do not require significant modifications in the design of power plant components, which can substantially be the same as those in conventional power plants operating at some off-design point. This makes it relatively easy to build power plants of the SCGT/CC type, with a situation similar to that of the HAT cycle, which can also be built with existing commercial components.
HUMID AIR GAS TURBINE CYCLES

Steam/Water injection in gas turbines
Steam or water injection has been proven as an effective way to improve the performance of gas turbines reducing, at the same time, NOx emissions. Starting from the first General Electric STIG (Brown and Cohn, 1981 , Tuzson, 1992 , Rice, 1993a , several types of gas turbines with steam or water injection have been proposed. Among them, the most interesting results were recently obtained with the Cheng (Saad and Cheng, 1992) and lately with the HAT cycles (Rao and Joiner, 1990 , Lindgren, et. al. 1992 , Day and Rao, 1993 , Stecco, et al., 1993a -b, Chiesa, et al., 1994 , Xiao, et al., 1994 , Gallo, et al., 1995 , Desideri and Di Maria, 1997 . The efficiency of steam injected gas turbines can reach 50%, and some advantages in following the load demand are possible by varying the mass of the injected fluid and keeping the turbine inlet temperature (TIT) unchanged. This has been successfully implemented in the Cheng cycle.
The HAT cycle, patented by Fluor Daniel Inc., allows to achieve a very high efficiency, by combining the beneficial effect of air humidification with inter-and after-cooled compression, regeneration between the humidifier and the combustion chamber, and heat recovery from exhaust gases which preheats the water entering the humidifier. In addition, having replaced direct steam or water injection with a humidifier, the water does not evaporate at constant temperature, as in conventional heat recovery steam generators, thereby reducing the heat transfer contribution to exergy destruction. As in all the other steam injected cycles the HAT cycle has very low NOx emissions, because lower peak flame temperatures limit the production of thermal NOx. However, the considerable water content in the air entering the combustor of the HAT cycle requires some modifications to enhance flame stability.
The HAT (Humid Air Turbine) Cycle
The Humid Air Turbine (HAT) cycle is an inter-cooled gas turbine cycle, having an air-water mixing evaporator located before the combustion chamber, and a heat recovering system for the exhaust gases. Figure 1 shows the flow-sheet of the HAT cycle; for details refer to Desideri and Di Maria (1997) .
The components that distinguish the HAT cycle from a simple Brayton cycle are the inter-and after-cooled compressor and the regeneration system with recuperator, economizer and air-water mixture evaporator-saturator.
The HAT cycle requires a makeup flow of water which is needed to humidify the compressed air. 
Performance of the HAT cycle
The most significant thermodynamic aspects of this power plant can be summed as follows:
• increased efficiency with respect to a simple gas turbine due to the regeneration, the heat recovery from the exhaust gas and the compressor coolers and the possibility of non-isothermal evaporation of water, • reduced compressor work by means of inter-cooling; • increased turbine power output owing to the increased flow rate of the humid air, • low NOx emissions as in other steam injected gas turbines; • improved power modulation characteristics by varying water content in the mixture, keeping the turbine inlet temperature unchanged. Even though modified commercial gas turbines may be used in a HAT cycle, specially designed gas turbines may be necessary because of the significant changes which are necessary in the compressor, combustor and turbine to accommodate the large flow rate of water which is added to the air. Less important changes (in particular in the compressor and the turbine) may be necessary if aero-derivative gas turbines are employed.
The amount of water consumed in the mixing evaporator ranges from 1200 to 2400 m3 per day for a 100 MW unit with a water content ranging from 4.5% to 12%. This means high operational costs for water treatment, and eventual legislative restrictions limiting the use of water, not to mention the environmental impact of the depletion of water resources.
The presence of water in the exhaust gas is due not only to the water evaporated in the saturator (which represents the effective water consumption) but also to ambient air humidity and water produced in the combustion process. In theory, all the above water can be recovered. However, the principal water input to be eliminated is the treated feed-water which is necessary to humidify the compressed air.
HAT cycle analysis
A simulation code was used to calculate results presented in the following parts. The modified configuration of the HAT cycle with an external cooler on the recirculating flow rate from the evaporator was assumed (Figure 1 ). Simulations were made considering the reinjection of condensed water from flue gas into the inter-and aftercoolers and thus into the evaporator.
The code considers the water from inlet air humidity, combustion and evaporator humidification. If condensation temperature is low enough it is theoretically possible to recover all the injected water. The coolant required for condensation is assumed to be water and the heat duty of the heat exchanger is calculated. All the components of the power plant are modeled with pressure losses. All the heat exchangers, the inlet and outlet ducts of the gas turbine and the combustion chamber are calculated assuming a pressure loss as a percentage of inlet pressure.
EXHAUST-GAS-RECIRCULATED GAS TURBINE CYCLES
The SCGT/CC cycle concept The basic idea of the Semi-Closed Gas Turbine/Combined Cycle (SCGT/CC) is that of making use of existing industrial gas turbines -AIR --WATER
HUMID AIR
with minor modifications . The plant (Figure 2 ) is quite similar to the conventional Gas Turbine/Combined Cycle (GTCC), with the addition of a bypass waste-gate louver before the stack. Most of the exhaust gases are recycled to the compressor inlet; before recirculation, the exhaust gases are cooled by a heat exchanger, down to a temperature below the dew point. This allows partial recovery of the water vapor as a liquid. Most of this water is reinjected at compressor discharge by means of a pump, while a part can be available for other uses. The cycle is basically non-reactive (apart of the combustion chamber), even if chemical reforming can be introduced if further benefits are expected.
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Preliminarly to the extensive recirculation to the compressor inlet and in order to limit compressor work, the exhaust gases need to be cooled down to low temperatures; this allows a substantial recovery of water vapor as condensate. The feasibility of combustion requires the inlet of a fresh air flow rate (providing all the necessary oxygen), while a similar flow rate of hot gases is discharged at the stack without cooling, after the combined-cycle heat recovery steam generator. On the whole, the working gas composition after the combustion chamber is very close to its stoichiometric value; at startup, the plant is operated for a short time as a conventional, opencycle gas turbine. The progressive closing of the by-pass louver, which is represented in Figure 2 as a three-way valve, allows switching to semi-closed operation.
Special components for the SCGT/CC cycle
The SCGT/CC concept deserves special attention to the limited amount of modifications needed for the gas turbine unit, and to the use of special equipment components which already have been developed either for advanced gas turbine cycles, or for chemical plants.
Modifications to the gas turbine unit are limited to the redesign of the combustion chamber; in fact, even if a high-heating value gas is used as a fuel, it is not possible to divide the inlet flow rate in primary and dilution flows because the inlet flow rate contains a stoichiometric amount of oxygen which must be introduced directly in premixed flow burners. Moreover, the change in the composition of the gas at combustor inlet will likely require a redesign of the liner wall cooling flows and a change of the burners. This problem is reduced for turbines featuring dry low NOx combustors with premixed flame.
Performance of the SCGT/CC cycle
Preliminary simulations were not referred to a specific gas turbine unit; generally, the capability of an efficiency close to that of open combined cycles was demonstrated, together with a potential for peak-load energy production in case of water injection. The basic advantages of the SCGT/CC solutions are: 1) The partial substitution of nitrogen in the exhaust gases -possibly forming nitrogen oxides under high-temperature and large excess air conditions -with CO2 and H2O (products of combustion). 2) A good potential in terms of possibility of reducing the NO x emissions. From the point of view of NOx production, it is commonly accepted that exhaust gas recirculation, alone or coupled with water or steam injection, has beneficial effects. Moreover the amount of 1-120 in the combustion gases is compatible to levels which do not seriously affect the formation of CO or HC. All these considerations are dependents to the necessary combustion chamber redesign 3) The enrichment in CO2 in the exhaust gases and the strong reduction in stack flow rate allow a reduction in costs for exhaust gas treatment (for example and open the way to future methods for CO2 removal from the exhaust (Langeland and Wilhelmsen, 1993) On the whole the SCGT/CC cycle rejects heat Q2 to the environment at three different levels: stack (2.-12% of Q2), condenser (2,58% of Q2), and condensing heat exchanger (2=30% of Q2).
THERMODYNAMIC CYCLE SIMULATIONS
Two different types of commercial gas turbines have been considered for HAT and SCGT/CC cycles simulation, because there are several differences in the thermodynamic cycles and in the operating conditions. Aero-derivative gas-turbines have been chosen for the HAT cycle because of their multi-shaft configuration and of a better off-design performance. These characteristics are important, since the compressor must be inter-cooled and the amount of injected water considerable.
For the SCGT/CC cycle, large-size heavy duty gas-turbines were considered, because the combined cycle optimization and operation are the fundamental objective.
In the present study, thermodynamic design point simulations were made, and all the off-design effects due to part-load behavior of turbine gas components were not considered. However, the operation of both plants makes reference to truly existing engines, whose simulation in open cycle has been previously tested and compared with published or available performance data. In all cases -with the notable exception of the eventual introduction of inter-cooling for the HAT cycle -the volume flow rate conditions were kept under control, in order to ensure that -at least at the design point -operation of the plants could be possible with minor modifications to the existing gas turbine engines. Also the performance of the hot parts cooling system was modeled, using a simplified but effective model derived by Facchini, et al. (1989) . In any case differences in heat transfer coefficients due to moisture will be similar both for the cooling flow and the hot gas.
For the HAT cycle, new design of hot parts will be necessary not only to accommodate a different cooling air flow rate but also to increase the hot gas section to allow for a significantly larger flow rate due to water content of humid air. In fact, all the simulations were made assuming a constant turbine inlet pressure, that is possible only if the gas flow section is enlarged. In the case of off-design operation the cooling flow rate will not be greatly affected by the increase in turbine inlet and compressor outlet pressures, because the exit points of the coolant will also be at a higher pressure.
Results for the HAT cycle
The aero-derivative gas-turbine considered for the HAT cycle test cases are the FT4000 (Pratt&Whitney) and the LM6000 (GE) ( Table 1 ). The use of the FT4000 in the HAT cycle is simpler, because its compressor is divided in two sections (with respectively pressure ratios (3 1 and (32) and the design (32/131 ratio is close to 0.5, which is optimal for application to the HAT configuration. The LM6000 gas turbine here considered is a new potential version (which will be called LM6000M), with basic performance leveled to that of heavy duty G class with a stator inlet temperature (TIT) of 1427 °C (2600 °F) and modified cooling flow rates. Table 2 shows the assumed reference data, showing increases in pressure ratio and firing temperature. Consequently, efficiency reaches 40.5% and specific power exceeds 400 kJ/kg.
The main problem of using the LM6000 in a HAT cycle consists in the compressor line configuration. In fact, the low pressure compressor has a very low pressure ratio and the HAT cycle performance would be reduced significantly. Therefore, to have a good cycle performance a redesign of the two compressors was considered, with a 1341 ratio similar to that of the FT4000.
Considering the same design conditions assumed in simple cycle operation, the LM6000M/HAT cycle efficiency increases to 56% (Table 2 , Column 1); this includes effects of the blade coolant temperature reduction, due to compression after-cooling, which determine a coolant flow rate reduction, with positive effects on cycle efficiency. Actually, this possibility is complicated by the fact that redesign of the whole blade cooling system would be needed. If the original configuration of the blade cooling system is retained, some efficiency and power reductions are expected, as shown in column 2 of Table 2 (efficiency decreases at 52-53%).
The effects of flame temperature reduction, which can be necessary to stabilize the off-design behavior, is shown in columns 3-5 of Table 2 ; further reductions of efficiency and specific work are expected. The injected water flow rate, referred to peak efficiency condition, is evaluated close to 15% of compressor inlet mass flow rate. Concerning exhaust gas water recovery, it can be seen that the HAT cycle with the LM6000M can self-sustain the water injection (recovering a larger amount of water by flue gas humidity condensation) only if the flue gas at SEP exit is cooler than about 30°C (Columns 1 and 2); when temperature is 50°C (Columns 3, 4 and 5), only about 70% of the water to be injected is recovered from the stack, so that a makeup of about 30% is necessary.
Results for the P&W FT4000 (featuring in normal configuration an efficiency higher than 39%, with a slightly lower pressure ratio and power output than the more modern LM6000) provide efficiency figures in HAT operation in excess of 53%, which should be reconsidered as about 50.5% if the same coolant distribution system is retained for the hot parts of the engine (Table 3) . The injected water mass flow rate, referred to peak efficiency condition, is evaluated at about 16% of compressor inlet mass flow rate; for exhaust gas water recovery, the same considerations as for the LM6000M/HAT can be drawn, (here again, water injection can be self-sustained by condensate recovery only for temperatures at separator outlet of the order of 30°C).
Results for the SCGT/CC power plant
The reference case for SCGT/CC cycle simulation considers the 501F gas turbine, jointly designed by Westinghouse and Mitsubishi. Published industrial information are limited and sometimes contradictory. The assumed reference data are shown in table 4, with TIT defined as above as stator inlet temperature. Table 5 reports the evaluated cycle performance of 501F in SCGT/CC configuration; the simulations were made considering the recirculated gas temperature equal to 30 °C, which is higher than standard ISO conditions. This fact, combined with the change on gas composition at compressor inlet, determines a reduction (column I) of gas turbine efficiency and power. However, the variation of specific heats determines an increase of gas turbine exhaust temperature, which allows a good efficiency recovery in the bottoming cycle; consequently, it should be possible to achieve a 55% global efficiency, close to the open cycle gas-turbine combined cycle with the same F-class engine. Some utilities report that steam temperatures of the level considered in Table 5 (exceeding 600 °C) can pose problems with current HRSG technology levels; imposing lower-level steam temperatures (560 °C) for the sake of improved plant reliability implies a performance reduction (columns 2 and 5). For the above reasons, the calculations presented in this paper are relative to both a 600 °C and a 560 °C HRSG. 
Peak-load performance
For the HAT cycle, the simulation confirms that the peak load conditions are very close to the peak efficiency conditions, so that there is no real margin for considering operation in different conditions.
For the SCGT/CC, power boosting for peak-load energy production can be considered with increased water injection: the results show the possibility of a power increase of more than 11%, with a limited efficiency reduction (close to 52%) ( Table 5 , columns 4 and 5). This power increase could be much larger (up to 50%, FacChini, et al., 1996 b) if significant changes were considered to engine design in order to allow a larger mass flow rate. A notable drawback of water injection is the increase of coolant water mass flow rate to separator, which becomes much larger than for base-load operation. These attractive figures for peak-load operation do not imply a penalty in terms of off-design performances of turbomachinery equipment: in fact, the increased inlet turbine flow rate leads to a more stable compressor behavior (recirculation tends to displace operation towards the surge line, while water injection moves the operating point towards the stall limit) and determines a small exhaust gas temperature reduction, actually bringing the operating conditions closer to those of the open-cycle engine.
ECONOMIC ANALYSIS
The economic analysis has two different aims: I) Estimating the cost of water which represents a significant difference between the two types of power plants; 2) Estimating the cost of electricity per kWh for each type of plant.
The first point has been studied by considering the water consumption of the SCGT/CC and the HAT power plants. Costs associated with water consumption can be divided into two different classes: treated and untreated water.
Treated water consumption
Treated water is needed for steam injection in both the HAT cycle and the SCGT/CC. The latter uses steam injection only if peakload operation is considered (in the high-efficiency, base-load version the cycle is a water producer); under these conditions, it would be convenient to develop a recovered boiler-quality water storage system.
The SCGT/CC, however, requires treated water for the blowdown from the drums of the heat recovery steam generator and for additional losses from the bottoming cycle.
For the HAT cycle, the water flow rate to be processed in the conditioning plant -including both make-up and recovered wateramounts to about 65 t/h for the LM6000M and 87 t/h for the FT4000.
Consumption of untreated water
The HAT cycle requires water for cooling purposes: 1) at the external cooler for water exiting the evaporator, before reusing it in the spay-type compressors coolers; 2) at the condenser for allowing water recovery from the gases.
The presence of the external cooler is necessary for a high efficiency HAT cycle; on the other hand, the condensation of water contained in the combustion products is necessary only if condensed water is reused within the cycle.
The water recirculated to the compressors coolers is about 40% of the dry air entering the gas turbine. Assuming a cooling flow temperature increase in the external cooler of 10 °C and make-up water flow rate for the cooling tower of 3% of the global coolant flow rate, the water consumption in the cooling towers is of the order of 19 t/h for the LM6000M and 21 t/h for the FT4000.
A condenser before the stack requires a cooling flow rate which depends on the condensing temperature chosen. The cooling water flow rate for a condensing temperature of 50 °C, was calculated at 113 t/h for the LM6000M and 132 t/h for the FT4000. If the condensing temperature is lowered to 30°C the flow rates become 167 and 194 t/h for the LM6000M and the FT4000 respectively.
The untreated water required as the heat sink of the SCGT/CC is the sum of the following flow rates: 1) Blow-down from the wet cooling towers; 2) Evaporation and entrainment of water from the wet cooling towers; Point 1) depends on the quality of water used as coolant flow in the cooling towers. An estimate of this flow rates is lower than 1% of the coolant flow rate circulating in the cooling towers. Point 2) depends on the climate of the site and in particular on relative humidity.
On the whole, the make-up water flow rate was assumed as 3% of the cooling water flow rate.
The cooling water flow rate is strongly influenced by the temperature of the gases at the outlet of the separator (that is, at compressor inlet). An increase of 10 °C, from 30 to 40 °C, in this temperature reduces power output of just 1%, keeps the efficiency approximately unchanged but reduces water flow rate by almost 35%.
Results for the cost of water
The O&M cost for recirculated water treatment (SCGT/CC and HAT) was assumed as 0.50 $/t, whereas the cost of untreated water was assumed for all the calculations as 0.235 $/t. The cost for complete treatment of water to be injected (HAT cycle) is assumed 1.20 $/t.
Three different cases were examined for the SCGT/CC (Table  6 ): 1) no steam injection, no peak load conditions; 2) injection of 50% of water condensed; 3) injection of 100% of the water condensed flow rate. Referring to the HAT cycle (Table 7) , the cost of water for the LM6000M is lower than for the FT4000, because the larger water flow rate in the latter does not correspond to a power output increase. The cost of injected water for a plant without water recovery from flue gas condensation is also shown for comparison in Table 7 . In comparison with the SCGT/CC the water treatment costs are larger in the HAT solution, because of the considerable cost of the treatment for the make-up injected steam. 
Results for the cost of electricity
Unit electricity costs ($/kWh) have also been estimated for the SCGT/CC and the HAT plants.
The following data were assumed: 1) the capital cost of the HAT cycle was assumed to be the same (750 $/kW) for all the configurations. No difference was considered between the LM6000M and the FT4000. Aircraft derivative development costs were considered in agreement with Day and Rao (1993) ; 2) the capital costs of the SCGT/CC cycle were assumed as 500 $/kW for all configurations; 3) fuel price was assumed at 2.80 $/GJ; 4) a limited increase in plant capital costs was considered for the water recirculation and recovery equipment. The increase is negligible for the SCGT/CC, but it is more important for the HAT cycle; 5) operating and maintenance costs were based on data from electric companies. In Figure 3 , configurations I, 2 and 3 for the SCGT/CC plant represent respectively, 0, 50 and 100 % of water injection; for the With the above assumptions, the lowest cost per kWh is relative to the SCGT/CC without water injection; water injection increases significantly the cost of the produced electricity: however, this cost is always lower than for the HAT solution, and water injection in the SCGT/CC can be interesting from several points of view (peak-load operation; smaller size of plant for the same power output; adaptability to existing turbomachinery equipment from the point of view of recovery of off-design performance).
For the HAT cycle with or without condensation, the price of electricity seems to be rather insensitive to the presence of water recovery system; however, in many cases preference would be given to a system with a low-temperature separator (30 °C condensation), which would be completely self-sustained from the point of view of water consumption.
With reference to the selection of the gas turbine for a HAT cycle, the lowest cost per kWh are obtained with a LM6000M engine, which combines the highest efficiency with a moderate amount of injected steam ( Figure 3 and Table 2 ).
CONCLUSIONS
Both types of cycle show a good performance potential in all operating conditions. In fact, both cycles exceed the threshold of 50% thermal efficiency. Given the different sizes of the plants, it is not possible to compare the performance from a purely thermodynamic point of view.
The SCGT/CC looks very attractive from a thermodynamic performance point of view. It is true that the power plant size is much larger, with consequent larger financial exposure for a technology which is certainly less industrially developed. It should however he considered that this type of plant has a significant potential from an environmental point of view, with an easy adaptability to future emissions regulations (lower NOx limits; no water consumption; introduction of large carbon taxes).
From an economic viewpoint, the HAT cycle provides worse results because of its higher capital costs and the need of largecapacity water treatment plants. The higher capital costs can not be paired by a higher a efficiency of the HAT cycle and, even though water can be recovered, this does not represent a sufficient economic advantage.
Moreover, the conditions for self-sustaining the water consumption by condensate recovery from the flue gases can not be easily respected with reference to different site locations for the power plant, and to off-design performance of turbomachinery. On the other hand, regulations on the use of water resources can be the true limiting factor for final decision making about installation of a power plant based on a HAT cycle.
If operational flexibility is considered, it should be reminded that the HAT cycle is designed to work at its best in design conditions, which coincide with peak-load operation; the SCGT/CC, on the other hand, can offer the possibility of producing extra power (from 10 to 50%, depending on the design changes admissible on the engine) when water injection is considered (Facchini, et al., 1996 ab) , even if with a drawback in the efficiency level (which was estimated at 3 to 4% points with respect to non-injected, design conditions).
